Periodic nano-grating structures self-formed on the surface of several metals by femtosecond laser pulses are analyzed by two-dimensional Fourier-transform. For the self-formation of grating structures on metal surfaces, the period of the structures depend on laser fluence. This dependence is the same for all metals, although the range of laser fluence in which the structures are formed differs between metals. For Ti with relatively low melting temperature(T m =1938K) the grating nanostructures were self-formed for laser fluence of 0.09 -0.45 J/cm 2 , while for Mo with high melting temperature (T m =2888K) structures were formed for laser fluence of 0.18 -1.1 J/cm 2 . Higher the melting temperature, upper limit of grating structure formation tends to be higher. These experimental results indicate that the period of the self-formed grating structure depend not on metal characteristics, but rather on the density of the surface plasma produced by a laser pulse.
Introduction
Recently, the formation of grating structures on metal surfaces has been observed [1] - [23] . For fluence levels near the low ablation threshold, the grating structures had a period of 300 nm, which was much shorter than the laser wavelength of 800 nm. The formation of grating period, especially for Cu with a 100 fs laser pulse, depends on laser fluence [24] , and this phenomenon is well explained by the parametric decay model [25] proposed by Sakabe et al. We have measured the dependence on laser fluence of the grating period in Ti, Pt, Mo, and W [1] and found that the experimental results agreed reasonably well with this model. In parametric decay model, a femtosecond laser pulse decays into a surface-plasma wave and a scattered electromagnetic wave in which wavelength is longer than that of incident laser. Angular distribution of scattered wave was calculated and reported [26] . The plasma wave produces an ion-enriched local area on the surface. These ions experience a strong Coulomb repulsive force and can be ejected into a vacuum: a Coulomb explosion [27] [28] occurs. Through this process, periodic grating structures are formed. This mechanism may also be responsible for the creation of amorphous metals. The relation between the formation of a surface grating structure and its crystallization has been investigated. It was found that the periodic grating structure with amorphous state on copper thin film was produced at the appropriate laser fluence [29] . When periodic nanostructure on metal with amorphous state can be produced, thin metals with new functionality for electrical, optical, and thermal properties are expected.
However the relation between the type of metal and the period of grating structures with different number of pulse irradiations has not been investigated, and therefore the amount of systematic experimental data is insufficient for discussing the mechanism at present. The generation of the surface plasma wave leads to formation of periodic structures is not yet fully understood. Several mechanisms of nanostructure formation for materials are proposed [30] - [33] , however we need further investigation. In this paper, we investigated by electron microscopy the state of surfaces irradiated with femtosecond laser pulses for Ti, Pt, Mo, and W metals. In addition, we evaluated the dependence of grating structure period on laser fluence to discuss physical property (melting temperature T m ) of metals and the validity of the parametric decay model.
Experiments
In the experiments, T 6 -laser system (λ=800-nm, τ=160-fs, 10-Hz) was used [34] . The laser beam was focused to a spot size of 45 µmφ on the target surface with a lens (f = 10 cm), at normal incidence in air. To avoid non-uniformity of structure in the irradiated area on the surface, the laser intensity distribution was adjusted to be spatially uniform. The targets were Ti, Pt, Mo, and W metals, which had been mechanically polished. The roughness, Ra, was less than 2 nm for all metals. The energy was varied in the range of 1.1-34 mJ, corresponding to fluence of F = 50-2100 mJ/cm 2 . The number of irradiating pulses was 200 in all experiments. Laser-produced surface structures were examined by scanning electron microscopy (JSM-5560, JEOL). The period of grating structure was determined by reading the peak value in the frequency domain after taking the Fourier transform for the 20 µm × 15 µm area of the SEM image, which is equivalent to the laser irradiated area on the targets. The resolution of the present measurements of the grating period was better than 34 nm. The period of the grating structure was obtained by analyzing a set of 10 irradiated spots on a metal surface. Figure 1 shows typical SEM images and the corresponding Fourier transform spectra. To evaluate the ablation rate, the crater produced by 200 laser pulses was measured by confocal laser scanning microscopy (HL-150, Lasertec). Figure 2 shows the dependence of the grating structure period on laser fluence for Ti, Pt, Mo, and W metals. The upper limit on the laser fluence at which the periodic structures are formed can be seen; let us define this fluence as F M . The laser fluence in Fig. 2 is normalized by the fluence F M (see Table 1 for F M of each metal). As the laser fluence increases, the period increases up to about 700 nm for all metals, and this maximum period is obtained at the fluence
Results and discussions
Let us compare these experimental results with the predictions from the model of plasma wave induction by parametric decay of laser light [28] . Here, the model is briefly described. The parametric process of photon → photon + plasmon can occur on a plasma surface as well as in a bulk plasma (i.e., stimulated Raman scattering). The parametric conditions of ω L = ω 2 + ω SP and k L = k 2 + k SP , where the subscripts L, 2, and SP indicate the incident laser light, scattered light, and surface plasma wave, respectively, are reduced to
. The wavenumber of the plasma wave induced by the parametric process can be related to the plasma frequency, and the k L /k SP ratio (= λ SP /λ L ; λ is the wavelength) changes from 0.5 to 0.85 for plasma frequencies in the range of 0 < ω p /2 0.5 < ω L , where the plasma wavenumber increases as the plasma frequency decreases. As mentioned above, assuming that the self-formation is induced by the plasma wave, the grating period correspond to the wavelength of the induced plasma wave, and the fluence dependence of the period can be reduced to plasma density dependence. The dependence of the surface electron density n es on the laser fluence F L can be interpreted as follows. The electron density n e of the plasma bulk produced on the surface by the laser is proportional to the laser energy: n e ∝ F L . The heated plasma bulk with temperature T e expands at the sonic speed c s =(k B T e /m) 0.5 , and the surface electron density decreases from the bulk density as n e /c s , and the temperature is proportional to the laser energy: T e ∝ F L . Therefore, the surface electron density is related to the laser fluence as n es ∝ n e /c s ∝
. It is reasonable to assume that the plasma frequency is ω p = 2 0.5 ω L for the laser fluence F M since no grating structures are produced at laser fluence over F M . In this case, n es [cm Fig. 2 . For each metal, the experimental results agree reasonably well with this model, although there is disagreement in the relatively low fluence range. This disagreement is considered to arise from non-uniformity of ablation. At laser fluence near the ablation threshold, the amount of ablated plasma is too small to construct a uniform plasma surface. The measured ablation rate is shown in Fig. 3 . The threshold of nanostructure formation can be defined for an ablation rate less than several nanometers per pulse. For such a thin ablated layer, a uniform plasma surface is difficult to form. Here, let us define F 10nm as the fluence at which a 10-nm layer is ablated. The values of F 10nm are listed in Table 1 . As shown in Fig. 2 , the model is in fairly good agreement with the experimental results in the fluence range of F 10nm < F L < F M , and a common fluence dependence of the periodic grating interspaces can be found for self-formation induced by femtosecond laser pulses for all metals. For Ti with relatively low melting temperature(T m =1938K) the grating nanostructures were self-formed for laser fluence of 0.09 -0.45 J/cm 2 , while for Mo with high melting temperature (T m =2888K) structures were formed for laser fluence of 0.18 -1.1 J/cm 2 . Higher the melting temperature, upper limit of grating structure formation tends to be higher. These experimental results indicate that the period of the selfformed grating structure depend not on metal characteristics, but rather on the density of the surface plasma produced by a laser pulse. For high laser fluence (F L > F M ), the plasma expands too greatly for a clear surface to be constructed, or the plasma density is too high; in such cases, a surface plasma wave is not produced.
Conclusions
In summary, we measured the periodic structures selfformed on the surface of Ti, Pt, Mo, and W metals. We found that the laser fluence dependence of grating structure period is the same for all metals on which the structure is self-formed. Higher the melting temperature of metals, upper limit of grating structure formation tends to be higher. The dependence can be explained by the induction of a surface plasma wave through the parametric decay of laser light, and can be reduced to the dependence of the density of laser-produced plasmas. Fig. 3 Laser fluence dependence of ablation rate for Ti, Pt, Mo, and W. Experimental data were fit to well known logarithmic function. Table 1 Upper limit of grating structure formation F M , and F 10nm defined as the fluence at which a 10-nm layer is ablated. T m is the melting point. 
